Toward a standard method of measuring color in freshwater Abstract -Researchers use various wavelengths between 270 and 450 nm to measure color. Data from 20 Quebec lakes indicate that spectrophotometric estimates of water color at different wavelengths are significantly different. We propose the measurement of light absorbance at 440 nm as a standard method for measuring color in freshwater and provide an equation to convert absorption coefficients at 440 nm (gaaO) to standard Pt units. An equation for standardizing reported color values estimated at different wavelengths is also provided. We show that PtCo standard solutions do not adequately mimic the spectral properties of aquatic humic compounds and that conventional Pt units are inappropriate for measuring these compounds in water. Tannic acid equivalents may provide a suitable alternate unit for quantifying color in freshwater. An equation is provided to estimate tannic acid equivalents from g,,, in lake water.
The humic fraction of dissolved organic carbon (DOC) plays an important role in the functioning of aquatic ecosystems. Humic compounds are products of plant decomposition and affect aquatic organisms by reducing light energy transmission through water (Kirk 1976) and by affecting the solubility, transport, and bioavailability of nutrients and contaminants (Mierle and Ingram 199 1; Peterson 199 1) . Humic substances may enhance plankton metabolism by providing chemical energy (Benner et al. 1986) or may inhibit secondary production in aquatic communities (Rasmussen and Kalff 1987) . The importance of humic compounds warrants their quantitative assessment. However, precise fractionation and measurement of the humic compounds in water is a costly, exacting, and laborious undertaking (Malcom 199 1) . Because of the difficulty involved in the direct measurement of aquatic humus, limnologists and oceanographers have instead used assays that measure properties of the humic substances, such as color, phenol content, or tannins and lignin (Thurman 1983) . The most common of these, color, provides a simple index for assessing the concentration of humic substances in natural waters.
For over a century, color has been measured by visual comparison of water samples with various standard color solutions. Europeans used the methyl orange (Ohle 1934 ) and the Forel-Ule methods (Thienemann 1925) , whereas most North Americans used the Hazen method (use of Pt-Co standard solutions and corresponding Pt units) (see Am. Public Health Assoc. 1989), which is now the standard in limnology (Wetzel 1983) .
Although visual color measurement techniques are still widely used (e.g. Tranvik 1990) , in the past two decades many researchers have switched to the spectrophotometric determination of color. For this method, the absorbance of light energy is measured at one or more wavelengths from within the near ultraviolet (UV) to visible range of the spectrum. The most frequently used wavelength is 440 nm (e.g. Kirk 1976 Kirk , 1983 Bowling et al. 1986 ), although several others have also been used (e.g. 270 nm, Davies-Colley and Close 1990; 340 nm, Davies-Colley and Vant 1987; 400 nm, Koenings and Edmundson 199 1; 420 nm, Heikkinen 1990; 430 nm, Tranvik 1990; 405-450 nm, Mierle and Ingram 199 1) . Researchers convert sample absorbance values to color units (Pt, liter-l) with standard curves derived from spectrophotometric readings of Pt-Co solutions (e.g. Heikkinen 1990 ), or they report spectrophotometric measurements simply as absorbance values, or as base e absorption coefficients (Kirk 1983) . The estimation of color concentrations by relating absorption coefficients of water samples to those of standard solutions is also a comparative method, although it is more precise and considerably easier to use than the traditional visual comparative method. Visual techniques are highly subjective, as standard solutions cannot mimic the complex combinations of hue, saturation, and brightness that we perceive as the "color" of natural waters (Wetzel 1983; Davies-Colley and Close 1990) . Similarly, comparison of spectrophotometric estimates of color determined at different wavelengths assume that Pt-Co standards mimic the spectral properties of aquatic humic compounds throughout the near-UV to visual spectrum. No such assumption is inherent in the comparison of absorbance values or absorption coefficients, although neither provide a gravimetric measure of humic substances.
The use of different units and terms to describe color add to the ambiguity associated with this variable. Hazen units, color, [Pt] (all in mg liter-l), gadO, and Abs (1 cm-') all have been used to describe the concentrations of humnolimnic acids, humic substance, yellow substance, gelbstoff, gilvin, or color in water. Of these units, the most widely used is [Pt] (Rasmussen et al. 1989 ). Because humic substances represent a portion of the total C compounds in water, their concentrations cannot exceed those of DOC. Therefore, it is apparent that Pt is an inappropriate unit for measuring humic substances.
In this study, we provide standard equations converting spectral absorbances to standard Pt units at different wavelengths. We also show that the direct comparison of color concentrations (Pt, mg liter-l) of lake waters estimated at different wavelengths is invalid, and we provide a method to standardize and compare these values. We describe the relationship between visual and spectrophotometric estimates of color, and we propose a standard method and unit for measuring color in freshwater. This method consists of measuring the absorption coefficients of water samples at 440 nm, and converting these values to phenolic equivalents, which are reported as tannic acid equivalents (mg liter-l).
Integrated water samples from the epilimnion of 20 circumneutral Quebec lakes were collected in May, June, and July 199 1. A brief summary of the limnology of the 20 study lakes is presented in Table 1 . Samples were collected in acid-washed 500-ml Nalgene polyethylene bottles. Upon return to the field laboratory on the day of collection, samples were filtered through Gelman 0.45 pm Teflon membrane filters. All color values reported herein are true color estimates, as opposed to apparent (unfiltered) color. Samples were stored in the dark at -4OC and analyzed for color and tannins and lignins within 2 weeks of collection.
Pt-Co color solutions were prepared following standard methods (Am. Public Health Assoc. 1989). Absorbances of color standards ranging from 0 to 500 mg Pt liter-l and of lake-water samples were measured at wavelengths of 250, 300, 3 10, 330, 365, 405, 420, and 440 nm (2-nm bandwidth) with a Philips PU 8800 UV/VIS spectrophotometer, with matching 1 O-cm quartz cells. All absorbance values were converted to absorption coefficients (g) with the equation
where D is the measured absorbance and r the cell pathlength (in m) (Kirk 1983) . All samples were measured against a blank of double-distilled, deionized water to correct for the absorption spectrum of pure water. Correction was made for colloidal particles by subtracting absorption coefficients at 7 50 nm. The color of lake water samples collected in June and July was also measured by visual comparison with standards in identical flat-bottomed glass tubes with a white background and constant lighting (Am. Public Health Assoc. 1989). Water color values estimated by this method are reported as mg Pt liter-*.
Tannin and lignin concentrations of water samples collected in June and July were determined with a Hach model DREWlC calorimeter. This method registers all hydroxylated aromatic compounds present, including phenol and cresol. Standard solutions of tannic acid were prepared, and results are reported as mg tannic acid liter-l.
Lake-water samples collected in May were analyzed for DOC (mg liter-l) in triplicate with an Ionics model 555 total carbon analyzer. A single drop of 8 5% H,PO, per 1 Oml volume was added and samples were bubbled with purified N2 gas.
Analysis of serial dilutions of standard PtCo solutions revealed perfectly linear relationships between light absorption and Pt concentrations at all wavelengths. At lower wavelengths, the sensitivity to increasing [Pt] is greatest, but the absorbance of light exceeds the measurement range of the spectrophotometer at relatively low Pt concentrations. Parameters describing these linear relationships at several wavelengths are presented in Table 2 . These parameters fit the equation color (Pt, mg liter-l) = m g + b (1) where g is the absorption coefficient (m-l) at the corresponding wavelength, and m and b are the slope and intercept, respectively, from Table 2 .
The coefficients of determination (R*) for all the equations presented in Table 2 exceeded 0.99 (avg SE,,, = 0.81 mg liter-l). To ensure replicability, we measured a se- ries of Pt standards at 440 nm on a second spectrophotometer (Milton Roy Spectronic 100 1 Plus). The linear equations derived with different machines were essentially identical. Table 2 also lists the ranges of Pt units (up to 500 mg liter-i) within which the relationship between g and Pt units is linear for each wavelength. These ranges simply reflect the measurement limits of the spectrophotometer when using a 1 O-cm cell. Researchers wishing to use shorter wavelengths can extend the measurement range of the spectrophotometer by reducing the cell size, as absorption coefficients are independent of cell path length. The upper limit of 500 mg liter-l corresponds to the most concentrated Pt solution prepared for this study. However, it is expected that there is no upper limit to the linear relationships described by Eq. 1.
Because the slope of the relationship between standard Pt concentration and g depends on the wavelength at which g is measured, the relationship between standard solution color, g, and wavelength can be described by the general equation tween Pt units and g for standard solutions at different wavelengths (Eq. 1 and 2) we then tested the assumption that these curves can be used interchangeably to estimate lakewater color from measured absorbance coefficients. Figure 1 shows the color values estimated with Eq. 1 and 2 at different wavelengths in four Quebec lakes.
The four lakes selected for Fig. 1 reflect the full range of g in the 20 study lakes. The remaining 16 lakes showed essentially identical patterns. Figure 1 shows the dependency of estimated water color on the wavelength at which g is measured. In general, color estimates increase with the wavelength of measurement, and the greater the distance between wavelengths, the greater the difference between the estimated color values. Paired t-tests showed that the differences between the color values estimated at any of the two wavelengths used here are significant (P < 0.001). Therefore, color estimates derived by equating the absorption coefficients of water samples with those of standard Pt solutions at different wavelengths are incompatible.
The inconsistencies in the color values estimated for lake-water samples are probably due to the differential absorption of light in Pt-Co standard solutions at different wavelengths throughout the UV to IR spectrum. The singular, sharp absorbance peak of the standard solutions in the near-UV range suggests that Pt-Co standards do not adequately mimic the optical properties of humic substances in lake waters throughout the spectrum (Fig. 2) .
The practice of measuring color at different wavelengths, and the resulting inconsistencies in the values reported, may preclude this variable's usefulness in predictive models (e.g. Rasmussen et al. 1989) . Therefore, the need arises for a method to intercalibrate color values estimated spectrophotometrically. This calibration can be accomplished by adjusting the absorption coefficients of water samples to correspond with those at a standard wavelength, then transforming these values to Pt units. The absorption coefficients of natural waters at different wavelengths are highly covariate and exhibit strong exponential relationships. The July absorption spectra of four Quebec lake waters are shown in Fig. 2 . These spectra are similar to those reported for throughflow, stemflow, soil, and stream waters in New Zealand (Moore 1987) , Australian and New Zealand lakes and reservoirs (Kirk 1976; Davies-Colley and Vant 1987) , and diverse marine waters (Bricaud et al. 198 1) .
The spectral dependence of light absorbance has previously been described by the general equation g, = g,, &W-AO)1 (3) where g, and gAo are the absorption coefficients at wavelengths X and X0 (nm) respectively [X > X0, and S (nm-l) is the slope] (Bricaud et al. 198 1; Kirk 1983; DaviesColley and Vant 1987; Carder et al. 1989) . In this study, absorption coefficients of lake-water samples at 440 nm (g440) (the most frequently used wavelength) were related to those at 250, 300, 310, 330, 365, 405, 420 , and 430 nm with Eq. 3. Analysis of 335 pairs of absorption coefficients yielded the result S = 0.0 1688. Linear regression of predicted (using S = 0.01688) vs. observed g440 confirmed that Eq. 3 provides an excellent model of the relationship among absorption spectra at different wavelengths (R* = 0.99, SE,,, = 0.165, P a 0.001). Our estimate of S (0.0 1688 nm-l) falls roughly in the middle of the relatively narrow range of values reported by other workers (Table  3) . As the values of S reported for inland waters are closer to our estimate than are values derived for marine waters (Table 3) it is apparent that S is influenced by properties that vary among different regions and water bodies. Future research is needed to determine the factors that influence the values of S in different waters.
Equation 3 has previously been used to estimate absorption coefficients in the visible domain from those at lower wavelengths, where colloidal scattering effects are less significant and signal response is more readily measured (Bricaud et al. 198 1; Davies-Colley and Vant 1987) . This equation can also be used to standardize reported color concentrations that have been estimated spectrophotometrically at different wavelengths, if the absorption coefficients and measured wavelength are also provided. However, in most cases, g values are not reported. The following equation, derived by equating lake-water estimates of color (using Eq. 1) with measured g values can be used to transform reported color values to g: g (m-i) = 19.92 color e(r5.64 -0.057h) (4) where color = mg Pt liter-i and h is the wavelength of measurement (R* = 0.96, N = 340, SE,,, = 2.44, P -K 0.001).
We have already shown that the use of different wavelengths can lead to significantly different estimates of the concentrations of color in water (Fig. 1) . Equation 3 can be used to intercalibrate color estimates made at different wavelengths, although the discrepancies between reported color values would be minimized if researchers adopt a common wavelength for determining color.
We propose a standard wavelength of 440 nm. This wavelength is already widely in use and has been proposed as a standard for measuring color (Kirk 1976 (Kirk , 1983 Bricaud et al. 198 1; Davies-Colley and Vant 1987) . An exception to its use should be made for waters with very low concentrations of color (i.e. c5.0 mg Pt liter-l color, or g,,, < 0.286). In these cases, a lower wavelength may be needed to provide a measurable response to low humic concentrations (e.g. Davies-Colley and Vant 1987). The resulting absorption coefficients should then be transformed to g at 440 nm (g440) with Eq. 3 and reported as such, or as mg Pt liter-', calculated by the equation color44o (Pt, mg liter-i) = 18.216 g,,, -0.209.
Equations 1 and 2 enable the transformation of absorption coefficients at different wavelengths to Pt units without requiring the preparation of standard solutions. They also reflect the standard methods currently used to estimate color (Am. Public Values estimated from Eq. 1, 2, and 3 are compared to color measured at 440 nm (Eq. 5). Equation 3 standardizes absorption coefficients to 440 nm, and these values are then converted to color with Eq. 5. Mean differences were determined by paired t-tests. An asterisk indicates that the estimated values are not significantly different from measured co1or44o (P = 0.00 1).
Health Assoc. 1989). However, as we have shown, color values estimated by these techniques at different wavelengths are incompatible (Fig. 1) . A comparison of the effects of wavelength on color estimates with Eq. 1,2, and 3 is given in Fig. 3 . This figure shows the mean difference between color values calculated directly from absorption coefficients at 440 nm (Eq. 5) and those estimated at other wavelengths with Eq. 1, 2, and 3. Of the three methods, Eq. 3 provides by far the best technique for overcoming the effects of wavelength on color estimates. Therefore, it is recommended that Eq. 3, combined with Eq. 5, be used as a standard method for intercalibrating spectrophotometrically estimated values of color.
Previous work has shown that a strong correlation exists between visual estimates of color and absorption coefficients at 440 nm (e.g. Bowling et al. 1986) . Similarly, we found that there is a tight linear relationship between visual color estimates and g,,, in the 20 Quebec lakes sampled in June and July (visual color = 15.53 g,,, -0.43 40, R* = 0.99, SE,,, = 2.14, P -K 0.001).
Data from 10 Swedish lakes (Tranvik 1990 ) yielded a very similar equation, whereas the slope of the relationship in 50 Tasmanian lakes (Bowling et al. 1986 ) was significantly different (Fig. 4) .
The strength of the visual-spectrophotometric correlation indicates that the spectral absorbance at 440 nm is a good approximation of the human visual response to humic compound concentrations in water. However, the spectrophotometric method is superior to the visual method, because it can discriminate between relatively small differences in humic compound concentrations (Fig. 4) . Color values derived visually were significantly different (mean difference = 3.4 mg liter-l, P -K 0.001) from those estimated from g,,, (Eq. 5) in the 20 Quebec lakes (visual color = 0.856 color,,, + 0.308, N = 40, R* = 0.99, SE,,, = 2.064, P -K 0.001). It is likely that the different parameters estimated for the Quebec, Swedish, and Tasmanian data sets largely results from the imprecision and subjectivity of the visual color method, although regional differences in the quality of aquatic humic compounds and other factors influencing the spectral properties of lake waters may have an effect. Furthermore, the ranges in the visual color values of the three data sets are considerably different. Color ranged from < 5 to 600 mg Pt liter-i in the Tasmanian data set, from 5 to 180 in the Swedish lakes, and from < 5 to 85 in the 20 Quebec lakes. Although the range in color in the Quebec lakes appears narrow, data from Ontario lakes indicate that it is representative of most lakes in central Canada. Approximately 95% of 466 Ontario lakes in which true color was measured were within the < 5-85 mg Pt liter-i range (Neary et al. 1990) .
Ideally, color units should provide a quantitative measure of the substances that give rise to water color, thereby allowing realistic estimates of the concentrations and fluxes of these colored compounds. DOC correlates well with water color and may provide a suitable alternative to Pt units (Rasmussen et al. 1989; Neary et al. 1990; Tranvik 1990 ). However, DOC is a measure of many different carbon compounds, several of which are not humic substances, and do not impart color to water. Humic substances typically account for 40-80% of the total DOC in lake water (Peuravuori and Pihlaja 199 1). The variability in the relationship between color and DOC suggests that a more direct measurement of humic compounds is needed to quantify water color.
A simple measure of hydroxylated aromatic hydrocarbons allows the quantification of the compounds directly responsible for water color (phenols; tannins and lignins). Tannins and lignins are the primary sources of phenols in lake waters, and phenols form the core of aquatic humic compounds (Kirk 1983; Rashid 1985) . Figure 5 shows the relationship' between total hydroxylated aromatic compounds (expressed as tannic acid) and color44o (from Eq. 5). Therefore, it appears that tannic acid may provide a suitable alternative unit for measuring color in freshwater. Equivalent tannit acid concentrations can be measured di- Tannic acid seems appropriate for measuring phenolic groups present in humic compounds in freshwaters. However, it may not be a suitable unit for marine waters, where most humic compounds are of autochthonous origin and often devoid of tannin and lignin (Rashid 1985) . Future research should be undertaken to establish a comparably simple measure of phenolic compound concentrations that will provide a meaningful quantitative estimate of humic substances in all waters.
